Synechocystis sp. PCC 6803 is a cyanobacterial model strain widely used to study many biological processes and is also applied for the production of biopolymers. Recently, it was reported that two of its substrains are highly polyploid. To test whether this can be generalized to the whole strain, six substrains were selected and their ploidy levels quantified. The ploidy levels of all substrains were highly growth phase regulated and the copy number was on average about 20 at an OD 750 of 0.1 and about 4 at an OD 750 of 2.5. In addition to growth phase, external conditions were found to influence the ploidy level, i.e. the copy number was elevated at lower light intensity and at higher phosphate concentrations (53 and 35 copies, respectively). In the absence of external phosphate, considerable growth was observed, although growth rate and growth yield were much lower than in the presence of either orthophosphate or genomic DNA as external source of phosphate. A rapid reduction in genome copy number was observed during growth in the absence of phosphate, indicating that replication ceased and genomes were distributed to the daughter cells. During prolonged incubation of stationary-phase cultures in the absence of phosphate, the cells eventually became monoploid. Taking the data together, the ploidy level of Synechocystis sp. PCC 6803 is extremely variable and is influenced by both growth phase and physical and chemical environmental parameters.
INTRODUCTION
For many years it was believed that prokaryotes typically contain a single copy of their chromosome and are thus monoploid. However, for some species it has been known for decades that they are polyploid, e.g. Deinococcus radiodurans (Hansen, 1978) , Azotobacter vinellandii (Nagpal et al., 1989) and the cyanobacterium Anabaena cylindrica (Simon, 1977 (Simon, , 1980 , although they were thought to be rare exceptions. In contrast, in recent years it has become clear that the majority of species in diverse groups of prokaryotes are oligoploid or polyploid, including proteobacteria (Pecoraro et al., 2011) , Gram-positive bacteria (Michelsen et al., 2010; B. Böttinger, K. Ludt, K. Zerulla & J. Soppa, unpublished data) , cyanobacteria (Griese et al., 2011) , Deinococcus/Thermus (Hansen, 1978; Ohtani et al., 2010) , halophilic archaea (Breuert et al., 2006) , methanogenic archaea (Hildenbrand et al., 2011) and very large-sized bacteria of various phylogenetic groups (Angert, 2012) . Various possible advantages of polyploidy for prokaryotes have been discussed, including low mutation rate, resistance against double-strand breaks, gene redundancy, global regulation of gene dosage, survival over geological times, large cell size and storage of phosphate (Soppa, 2013 (Soppa, , 2014 .
The phylogenetic group of cyanobacteria contains monoploid, oligoploid and polyploid species. Examples of monoploid species include Synechococcus WH8101 and Prochlorococcus (Armbrust et al., 1989; Vaulot et al., 1995) . Several strains of Synechococcus and Microcystis have been described to contain between two and ten genome copies and thus to be oligoploid (see Table 3 in Griese et al., 2011) . Examples of polyploid cyanobacteria include Anabaena cylindrica (Simon, 1977) and Synechocystis sp. PCC 6803 (Labarre et al., 1989; Griese et al., 2011) . The latter strain is a widely used cyanobacterial model species with more than 2500 publications in PubMed. Synechocystis sp. PCC 6803 was isolated in 1968 from a freshwater lake in California (Stanier et al., 1971) and has been studied ever since in laboratories around the world. It has long been known that several laboratory substrains evolved from the original isolate have phenotypic differences, for example motile versus non-motile or glucosetolerant versus glucose-sensitive substrains. Fig. 1 gives a schematic overview of the history of the substrains. The genomes of several substrains have been sequenced and several differences have been identified that have evolved during their separate cultivation in different laboratories (Kaneko et al., 1996; Kaneko & Tabata, 1997; Nakamura et al., 2000; Kanesaki et al., 2012; Trautmann et al., 2012) . A recent study (Griese et al., 2011) reported genome copy numbers for Synechocystis sp. PCC 6803 of up to 218, while in an earlier study a maximum of only 12 copies had been found (Labarre et al., 1989) . Possible explanations included differences among the characterized substrains, differences in growth conditions and/or media, and copy number mutations during prolonged growth in the laboratory. To differentiate between these possibilities, here the genome copy numbers of six selected substrains of Synechocystis sp. PCC 6803 were quantified at three different cell densities. In addition, the possible effects of variations in external parameters such as light intensity and phosphate concentration on the ploidy level were analysed. Furthermore, the ability to grow in the absence of phosphate was tested, and the genome copy number after cultivation in the absence of phosphate was quantified. Taken together, the experiments highlight a high degree of genome copy number variability in Synechocystis sp. PCC 6803.
METHODS
Cyanobacterial strains, media and growth conditions. Six Synechocystis sp. PCC 6803 substrains were obtained from Annegret Wilde (University of Freiburg, Germany), and the development of these substrains from the original isolate is shown schematically in Fig. 1 . References to the six substrains (Stanier et al., 1971; Rippka et al., 1979; Grigorieva & Shestakov, 1982; Williams, 1988; Hagemann & Erdmann, 1994; Kaneko et al., 1996; Tichy & Vermaas, 1999; Michel & Pistorius, 2004) and their phenotypic differences are included in Fig. 1 . The genomes of several substrains have been sequenced and their differences identified (Tajima et al., 2011; Kanesaki et al., 2012; Trautmann et al., 2012) .
The Synechocystis strains were grown in BG11 medium (Rippka et al., 1979) . If not otherwise stated, the BG11 medium was supplemented with 0.13 mM K 2 HPO 4 as a phosphate source. All six strains were grown on a rotary shaker (120 r.p.m., to prevent aggregation) at a temperature of 28 uC. Cell harvest, cell disruption and control of DNA integrity.
Cultures for genome copy number determination were inoculated from linear-growing pre-cultures and grown to the respective optical densities or time points (see text). Cells from 10, 20 or 40 ml of culture, depending on the optical density, were harvested by centrifugation (3200 g, 30 min, room temperature). The supernatant was checked microscopically to verify that it was free of cells. The pellet was suspended in 2 ml distilled water. The cell density was determined microscopically using a Neubauer counting chamber. For this, 0.5 ml of the cell suspension was mixed with 0.75 g zirconia/silica beads (0.1 mm; Roth) in a 2 ml screw-cup tube (Sarstedt). Cells were disrupted by shaking for 1.5 min in a Speedmill P12 (Analytik Jena). The cell density was determined again and the values before and after cell disruption were used to calculate the efficiency of cell disruption. Cell debris was removed by centrifugation (15 000 g, 20 min, room temperature), and 0.3 ml of the supernatant was used as cytoplasmic extract for further analysis. The integrity of the genomic DNA was checked by analytical agarose electrophoresis. The extract was dialysed against distilled water and volumes prior to and after dialysis were used to calculate the dilution.
Real-time PCR method for ploidy determination. The genome copy number was quantified as described by Griese et al. (2011) using a real-time PCR method developed originally for haloarchaea (Breuert et al., 2006) . At first a fragment of about 1 kbp was amplified using standard PCRs with isolated genomic DNA from Synechocystis sp. PCC 6803 as template. The fragment was purified by preparative agarose gel electrophoresis and the AxyPrepDNA Gel Extraction kit (Axygen Biosciences). The DNA mass concentrations were determined photometrically and the concentrations of DNA molecules were calculated using the molecular mass computed with 'oligo calc' (www.basic.northwestern.edu/biotools). A dilution series of the standard fragment was generated and used for real-time PCR analysis in parallel with the dilution series of the cell extract. An 'analysis fragment' of about 250-350 bp was amplified from the dilution series of the standard fragment and the cell extract, and the cycle threshold (C t ) values were determined. A negative control (no template control) was also included. The sequences of all oligonucleotides, their application for the amplification of standard fragments or analysis fragments, and the genomic regions of amplification are summarized in Table 1 . By comparing the C t differences of the different dilutions, it was verified that the PCR was exponential at least up to the threshold DNA concentration used for the analysis (i.e. a tenfold Stanier et al. 1971) (renamed by Rippka et al., 1979) ( Rippka et al. 1979) 'Shestakov' substrain (Grigorieva and Shestakov, 1982) 'Hagemann' substrain (Hagemann and Erdmann, 1994) 'Kazusa' substrain (Kaneko et al. 1996) 'Vermaas' substrain (Tichy and Vermaas, 1999) 'Michel' substrain (Michel and Pistorius, 2004) 'sporadic' motility (Williams, 1988) Fig. 1. Overview of the history of substrains of Synechocystis sp. PCC 6803. The six substrains used in this study are shown in bold type, and references to the substrains are included.
dilution corresponds to a C t difference of about 3.32). The size of the analysis product and the absence of other products were verified by analytical agarose gel electrophoresis. A standard curve was generated and used to calculate the genome copy numbers present in the dilutions of the cell extract. Together with the known cell densities, this value was used to calculate the genome copy number per cell. At least three independent cultures (biological replicates) were analysed. For each replicate, four different dilutions of the extracts were measured in duplicate, so that 24 technical replicates were used to calculate the mean copy numbers and their standard deviations.
Spectroscopic method for ploidy determination. Cell disruption and preparation of a cytoplasmic extract were performed as described above. Two aliquots each of 150 ml were removed, one of which was treated for 1 h with 5 ml of DNase-free RNase A (10 mg ml
21
), and the other one was treated identically except for RNase addition. Nucleic acids were precipitated with potassium acetate/ethanol and re-dissolved in the same volume of distilled water. Analytical agarose gel electrophoresis was used to verify that the treatment had totally removed RNA, while the DNA content of RNase-treated and control samples was identical. Spectra of the RNase-treated samples were recorded using a Nanodrop photometer. The cell densities and absorption at 260 nm were used to calculate the genome copy numbers per cell using the following parameters: an absorption value of 1 equals a DNA concentration of 50 mg ml
, the mean molecular mass of one base pair is 660 g mol 21 , and the Avogadro number. The best value for the genome size is less clear, while the chromosome size is 3.57 Mbp and the genome size including plasmids is 3.96 Mbp. The last of these values was used for the calculations.
RESULTS

Growth phase-dependent ploidy level regulation of six substrains of Synechocystis sp. PCC 6803
The six substrains of Synechocystis sp. PCC 6803 (see Fig. 1 ) were grown phototrophically under constant illumination (85 mmol m 22 s
21
) and growth was monitored spectroscopically at 750 nm. The respective growth curves, in each case the means of three independent cultures and their standard deviations, are shown in Fig. 2(a) . Growth of all tested substrains was virtually identical to an OD 750 of 2.5 and very similar at higher optical densities. The growth yield of five of the six strains was identical: only the 'Michel' substrain had a slightly lower optical density at stationary phase. For determination of the ploidy levels, aliquots were removed at optical densities (OD 750 ) of 0.1, 0.5 and 2.5. The genome copy numbers were determined using a real-time PCR approach as described recently (Griese et al., 2011) . For each strain three independent biological replicates were performed, and mean values and their standard deviations are summarized in Fig. 2(b) . The following results were obtained: (1) for all six substrains the genome copy number was around 20 at an OD 750 of 0.1, and thus Synechocystis sp. PCC 6803 is polyploid at low cell densities; (2) the genome copy number decreased in all six substrains during further growth, reaching a mean value of about 4 at an OD 750 of 2.5; and (3) the values of five of the six substrains were very similar, with only the 'Kazusa' substrain exhibiting lower genome copy numbers at all three optical densities, and downregulation between OD 750 values of 0.1 and 0.5 was more severe in the 'Rippka' substrain than in the other substrains. However, the differences between the ploidy levels at OD 750 values of 0.1 and 2.5 were much larger than the differences between the substrains. Taken together, substrain-specific differences in ploidy levels were low, but changes in environmental factors experienced at different cell densities profoundly influenced the genome copy number. Therefore, we did not further investigate whether the small substrain-specific differences might be confined to this experiment or were of a general nature.
Independent verification of selected results
In a previous publication, considerably higher values for the ploidy levels were reported than those shown in Fig. 1 (Griese et al., 2011) . Therefore, an independent method was applied to verify selected results. Triplicate cultures of all six substrains were grown to an OD 750 of 0.5 and cell extracts were prepared. Half of the cell extracts were treated with DNase-free RNase, and the other half were control samples not treated with RNase. Nucleic acids were precipitated and dissolved in the original volume of distilled water to remove RNA monomers. Analytical gel electrophoresis was used to verify that the procedure totally removed RNA, while the DNA concentration was unchanged. The spectra of the RNase-treated samples were recorded and used to calculate the genome copy numbers; the results are shown in Table 2 . The values were between 9.7 (Kazusa substrain) and 22.2 (Michel substrain) and were thus in good agreement with those of the real-time PCR method shown in Fig. 1 for cultures of an OD 750 of 0.5. Notably, they were considerably lower than the values of about 50 determined previously with real-time PCR, as well as with the spectroscopic method (Griese et al., 2011) .
The efficiencies of PCR amplifications with different primer pairs might vary (despite the precautions to guarantee exponential amplification as described in Methods). This could not explain the difference in results between this and the previous study, because an identical primer pair was used. Nevertheless, two additional primer pairs were tested to determine whether the results are identical when three different sites of the genome were used for the analysis. In this case, triplicate cultures of the Rippka substrain were analysed at OD 750 values of 0.5 and 2.5; the results are shown in Table 3 . The results were very similar irrespective of the primer pair used and the genomic site analysed, with possibly a slightly lower value at the site near (Table 1) was used for quantification.
the terminus. Therefore, the original primer pair amplifying a site near the replication origin was used for all further analyses.
Influence of external factors on ploidy level
The huge growth-phase-dependent variation in genome copy numbers might well be caused by variations in the chemical or physical parameters during growth. Therefore, we aimed to identify specific external parameters that have an influence on the ploidy level. Two parameters were chosen, i.e. (1) light intensity, which changes with increasing cell density and profoundly influences the physiology of a phototrophic organism, and (2) phosphate concentration, because of the high phosphate requirement of genomic DNA. The 'Shestakov' substrain was chosen arbitrarily and grown under standard conditions as well as at about threefold reduced light intensity (30 mmol m 22 s
21
) and with a tenfold increased phosphate concentration (1.3 mM K 2 HPO 4 ), respectively. All cultures were inoculated from a single pre-culture to ensure that the cells were identical at the start of the experiment. The respective growth curves (mean and SD, n53) are shown in Fig. 3 . Growth was identical under all three conditions despite the considerable differences in light intensity and phosphate concentration. Aliquots were removed at an OD 750 of 0.1 and the genome copy numbers were quantified. The mean value under standard conditions was 27, in good agreement with the value of 23 obtained in the earlier experiment described above (Fig. 2b) . Surprisingly, the mean genome copy number was 53 and thus nearly twofold higher during growth at the reduced light intensity. The external phosphate concentration also influenced the ploidy level, with the mean genome copy number being 35 at the higher phosphate concentration compared with 27 at standard conditions. In both cases the differences between the standard and the changed condition were statistically significant, with P-values of 0.017 and 0.015, respectively (Student's t-test). The results are summarized in Table 4 . Taken together, external physical and chemical parameters influence the ploidy level of Synechocystis sp. PCC 6803.
Growth abilitiy under phosphate starvation and external genomic DNA as phosphate source
As a high phosphate concentration resulted in an elevated ploidy level, we also aimed to characterize the effect of phosphate starvation on the genome copy number. As a prerequisite, the growth potential in the absence of phosphate was characterized, because it had been shown that the polyploid haloarchaeon Haloferax volcanii can grow in the absence of phosphate, making use of its high genome copy number . As a side issue, it was also tested whether Synechocystis sp. PCC 6803 can use external genomic DNA as a phosphate source, similar to H. volcanii. A biomass increase from 0.05 to 0.9 (OD 750 ) was observed in the absence of phosphate (Fig. 4a) , indicating that Synechocystis sp. PCC 6803 has an intracellular phosphate storage polymer. The copy numbers were quantified using the substrain 'Shestakov' at an OD 750 of 0.1 at the genomic region 1 ( However, both growth rate and growth yield were much lower in the absence than in the presence of an external phosphate source. Growth in the presence of genomic DNA at 100 mg ml 21 in the medium was identical to that in the presence of 0.13 mM inorganic phosphate, showing that genomic DNA is a very efficient source of phosphate for Synechocystis sp. PCC 6803 (Fig. 4a) .
Ploidy level regulation during growth in the absence of phosphate
To address the question of whether the genome copy number is downregulated during growth in the absence of phosphate, aliquots were removed from the phosphate-starved culture and the control culture grown under standard conditions at five different time points, from 48 to 480 h. The ploidy levels were quantified using these samples as well as a sample from the pre-culture with an OD 750 of 0.5 that was used for inoculation. The results are shown in Fig. 4(b) . The copy number at the start of the experiment was about 10. After 144 h the ploidy level of the control culture had not changed, while the phosphate-starved culture had only about four genome copies per cell. No further growth was observed for the phosphate-starved culture between 144 h and the end of the experiment at 550 h. Despite this, the ploidy level decreased further until the cells became monoploid. The ploidy level of the control culture also decreased, first visible at 384 h, probably because the external phosphate had been consumed and the cells also experienced phosphate starvation. Taken together, the experiments clearly showed that both an enhanced phosphate concentration and a reduced phosphate concentration (starvation) have an influence on the genome copy number of Synechocystis sp. PCC 6803.
DISCUSSION
Variability of the ploidy level of Synechocystis sp. PCC 6803
The results described above underline that the ploidy level of Synechocystis sp. PCC 6803 is highly variable and is influenced by both growth phase and environmental parameters. Genome copy numbers from 1 (prolonged incubation in the absence of phosphate) to 53 ('Shestakov' substrain at an OD 750 of 0.1 in low light) were determined in the present study. At an OD 750 of 0.5, copy numbers between 6 and 18 were determined using two independent methods, real-time PCR and spectroscopic quantification. The copy number of 12 reported about 25 years ago (Labarre et al., 1989) falls comfortably within this copy number range.
However, the results contradict our earlier study that reported considerably higher copy numbers of 218 for the 'Rippka' substrain and 142 for the GT substrain at an OD 750 of 0.1, and around 50 at an OD 750 of 0.6 (Griese et al., 2011) . We were unable to find an explanation for this discrepancy despite many intensive discussions. Identical standard conditions were used in the two studies: medium, flasks, light incubator, temperature, phosphate concentration, etc. We consider that the copy numbers determined earlier were valid at that time, because two independent methods (real-time PCR, spectroscopic quantification) produced the same results and a low ploidy level of 3.6 genome copies was determined for Synechococcus sp. WH7803 in parallel to the extremely high values for Synechocystis sp. PCC 6803.
Therefore, the two studies together indicate that variability of the genome copy number of Synechocystis sp. PCC 6803 is even higher than already indicated by the studies separately. Both studies are in agreement that Synechocystis sp. PCC 6803 is polyploid at low cell densities and that the copy number decreases substantially during growth. Note that downregulation of the genome copy number during growth is not caused by increased shading, and thus by a decreased light intensity that reaches the cell, because growth at a decreased light intensity in fact led to a considerable increase in genome copy numbers. (Table 1) was used for quantification.
Downregulation of the genome copy number during the growth cycle has also been observed for other species, albeit not to such a large extent as in Synechocystis sp. PCC 6803. For example, in the archaeon Halobacterium salinarum the copy number decreased from 25 in the exponential phase of growth to 15 in the stationary phase (Breuert et al., 2006) . Growth-phase-dependent ploidy level changes have also been analysed for another cyanobacterium, Synechococcus elongatus PCC 7942 (Watanabe et al., 2015) . A culture was pre-incubated in the dark for 18 h and then transferred to light conditions to enable photosynthetic growth. After the transfer, a lag phase of about 18 h was observed before the culture entered exponential growth for about 30 h and changed to linear growth after 48 h. At the beginning of light incubation most cells had 2-3 genome copies, and the copy number increased to 4-10 (median of about 6 copies) during the lag phase. Even during exponential growth, the number of genome copies had begun to decrease, and it returned to 2-3 during linear growth, before the culture reached stationary phase.
However, growth-phase-dependent downregulation of the ploidy level is not a universal feature for all prokaryotes and not even for all cyanobacteria; for example, the ploidy level is independent of growth phase for Synechococcus PCC 7942 (Griese et al., 2011) and Methanosarcina acetivorans (Hildenbrand et al., 2011) . For Azotobacter vinelandii the opposite direction of regulation was observed: stationary phase cells had a much higher ploidy level, with more than 100 chromosomes than exponentially growing cells with about four chromosomes (Maldonado et al., 1994) . Analysis of additional species is needed to unravel whether one of the strategies is more widespread in, and typical for, specific lineages of prokaryotes.
External genomic DNA as a source of phosphate Synechocystis sp. PCC 6803 was grown in the presence of genomic DNA at 100 mg ml 21 , which is equivalent to 0.34 mM phosphate. Growth with genomic DNA was identical to growth with 0.13 mM inorganic phosphate. Therefore, it seems that Synechocystis sp. PCC 6803 can readily mobilize the phosphate group. As a side issue it was also shown that Synechocystis sp. PCC 6803 can use genomic DNA during heterotrophic growth as a source of carbon, and growth with genomic DNA and with glucose as sole carbon source was identical (our unpublished results). However, Synechocystis sp. PCC 6803 could not use genomic DNA as a source of nitrogen rather than nitrate (our unpublished results). This is in contrast to several isolates of Shewanella that have not only been shown to use DNA as sole source of phosphate, carbon and energy, but also of nitrogen (Pinchuk et al., 2008) . The ability to use DNA as a nutrient has been described for various species of archaea and bacteria and thus seems to be widespread (e.g. Finkel & Kolter, 2001; Lennon, 2007; . This ability to utilize genomic DNA fits with the observations that DNA concentrations in the environment can be somewhat high and even reach 70 mg ml 21 (Karl & Bailiff, 1989; Paul et al., 1991; Siuda & Gude, 1996) . Therefore, in various environments the concentration of DNA-bound phosphate is much higher than that of free inorganic orthophosphate.
Growth and ploidy level in the absence of phosphate
It was shown that Synechocystis sp. PCC 6803 can grow in the absence of external phosphate. A nearly 20-fold increase in optical density occurred, which is much higher than the approx. fivefold reduction in genome copy number during growth. Therefore, it seems that the reduction in genome copy number can only partially explain the observed growth and that replication is also required. Furthermore, a phosphate storage polymer is required to enable the synthesis of additional phosphatecontaining biomolecules such as ribosomal and other RNAs, phospholipids, phosphoproteins, phosphor-sugars, ATP and NADP. This phosphate storage polymer might well be inorganic polyphosphate, because Synechocystis sp. PCC 6803 has been shown to synthesize polyphosphate (Morohoshi et al., 2002) , like many other cyanobacteria (Grillo & Gibson, 1979; Lawrence et al., 1998; Gomez-Garcia et al., 2013; Seki et al., 2014; Zhang et al., 2015) . The polyphosphate content during growth in the absence of phosphate was not analysed, because this was beyond the scope of this study.
The polyploid haloarchaeon H. volcanii can also grow in the absence of external phosphate . However, in this case the reduction in genome copy number was higher than the increase in cell number, and it was concluded that H. volcanii not only distributes its genomes to its progenitor cells, but, in addition, degrades genomic DNA to liberate phosphate for the synthesis of other phosphate-containing biomolecules. Therefore, these two polyploid species use different strategies for growth in the absence of phosphate, and the characterization of additional species is required to unravel whether one of the two strategies is more generally used. However, both species' ploidy level is severely reduced during growth in the absence of phosphate, and thus polyploidy (partly) enables growth, which would not be possible for monoploid species. It may well be that sustained growth in the absence of phosphate is a widespread evolutionary advantage of polyploidy, in addition to many other advantages that have been discussed (Soppa, 2014; . The phosphate-starved cultures became stationary after about 200 h of incubation (Fig. 4a) . After several days in stationary phase they still contained four genome copies (Fig. 4b, 288 h ). Very unexpectedly, the genome copy number decreased from 4 to 1 during prolonged incubation, in the absence of growth (Fig. 4b, 384 and 480 h) . This is counterintuitive, because cells lose the genetic advantages of oligo-/polyploidy, for example the ability to repair double strand breaks. At the last two time points the colour of the cells had changed from green to yellow. This is due to the well-known degradation of phycobiliproteins, a process called chlorosis (Baier et al., 2014) . Chlorosis has been described as a multi-stage sequential adaptation to nitrogen starvation (Krasikov et al., 2012) and is regulated by the NblA proteins as well as a small non-coding RNA (Baier et al., 2014; Georg et al., 2014) . To our knowledge, a concomitant degradation of genomic DNA has not been observed to date.
A further advantage of polyploidy that was described for Synechocystis sp. PCC 6803, in addition to growth in the absence of phosphate, is a relaxed control of DNA segregation. Cell division was shown to result in two daughter cells with non-identical DNA content (Schneider et al., 2007) . In addition, it has been observed that the replication control is relaxed and asynchronous initiation occurs .
Polyploidy, heterozygosity and gene conversion
For polyploid species it is at first sight hard to explain how homozygous mutants can be selected after random mutagenesis or how deletion mutants can be generated by genome design, because originally a mutation occurs or is induced in a single genome copy out of, for example, about 20 for Synechocystis sp. PCC 6803. In fact, the ability to select or generate mutants has often been used as a counterargument against the idea that polyploid prokaryotes might exist. However, deletion of genes is not always successful; for example, attempts to delete essential genes typically generate heterozygous cells that contain simultaneously genomes with the essential genes and genomes with the selection marker. Such heterozygous cells provide genetic evidence that a species is not monoploid, and many examples of heterozygosity have been reported for Synechocystis sp. PCC 6803 (e.g. the 'Cyanobase Genes and Mutants' lists 209 incompletely segregated mutants; http://genome. microbedb.jp/cyanobase/mutants#mutants) (Nakamura et al., 1999) . However, even if many examples of heterozygous cells exist, in the vast majority of cases homozygous mutants can easily be isolated or generated, and 1213 completely segregated mutants are listed in the Cyanobase for Synechocystis sp. PCC 6803. The high number of successfully generated homozygous Synechocystis sp. PCC 6803 mutants provides circumstantial evidence that a molecular mechanism must exist that leads to a spreading of information from one (mutant) genome copy to the majority of other genome copies. An alternative explanation would be that the selection used during mutant generation (e.g. for antibiotic resistance) would drive the formation of homozygous cells. However, it seems likely that a few copies of resistance genes are sufficient for resistance, and in that case the selection could not explain the generation of homozygous cells, but information transfer is also required.
The mechanism of unequal information transfer from one genome molecule to others is called 'gene conversion'.
Gene conversion has been experimentally shown to exist in halophilic and methanogenic archaea (Hildenbrand et al., 2011; Lange et al., 2011) , as well as in chloroplasts (Khakhlova & Bock, 2006) . Experimental evidence for this in Synechocystis sp. PCC 6803 it still lacking, but the high number of successfully generated homozygous mutants suggests strongly that intermolecular gene conversion also exists in this polyploid bacterial species.
